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Abstract

Background: In physiological conditions, circulating iron can be filtered by the glomerulus, but is almost
completely reabsorbed by the tubular epithelium to prevent urinary iron wasting. Increased urinary
iron concentrations have been associated with renal injury, and may be the result of both increased
glomerular iron filtration or insufficient tubular iron reabsorption. However, it remains uncertain
whether both these processes actually contribute to urinary iron excretion and renal injury.

Methods: We measured plasma and urine iron parameters and urinary tubular injury markers in
healthy human subjects (n=20), patients with systemic iron overload (n=20) and patients with various
disorders of renal tubular dysfunction (n=18).

Results: Urinary iron parameters were increased in both patients with systemic iron overload and
tubular dysfunction, whereas plasma iron parameters were only increased in patients with systemic
iron overload. In patients with systemic iron overload, increased urinary iron levels associated with
elevated circulating iron, as indicated by transferrin saturation (TSAT), and increased body as
suggested by plasma ferritin. In patients with tubular dysfunction, enhanced urinary iron and
transferrin excretion associated with distal tubular injury as indicated by urinary gluthathione s-
transferase-pi-1-1 (GSTP-1-1) excretion. In systemic iron overload, elevated urinary iron and transferrin
levels associated with increased proximal tubular injury, indicated by urinary kidney injury marker 1
(KIM1).

Conclusion: Our explorative study demonstrates that both glomerular filtration of elevated plasmairon
levels and insufficient tubular iron reabsorption are associated with urinary iron excretion and renal
injury.
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Introduction

In physiological conditions, circulating iron is bound to transferrin (transferrin-bound iron, TBI), which
can be filtered by the glomerulus of the kidney into the renal tubular lumen (1). Subsequently, filtered
TBI is suggested to be almost completely reabsorbed by renal tubular epithelial cells, since hardly any
transferrin or iron is found in urine in healthy volunteers (1-3). In addition, micropuncture studies in
rats demonstrated the presence of transferrin in primary urine and showed that iron reabsorption by
both the renal proximal tubule (PT) and distal tubule (DT) decreased urinary >*Fe excretion (4).

Increased iron exposure can be harmful for tubular epithelial cells, because iron is known to
catalyze reactive oxygen species formation in the Fenton reaction and cause tissue injury (5). In human
and porcine PT epithelial cells, iron overload exposure was shown to decrease cellular viability and
proliferation and cause oxidative cellular injury (6-8). Moreover, increased urinary iron levels have
been found in patients with nephrotic syndrome and diabetic nephropathy (3, 9-13), suggesting an
association between enhanced urinary iron concentrations and renal injury. In animal models of renal
diseases, such as minimal change nephrotic syndrome and nephrotoxic serum nepbhritis, increased
urinary iron excretion coincided with renal tubular injury (14-16). Currently, it is not clear whether
increased urinary iron concentrations in patients are the result of increased glomerular iron filtration
and/or insufficient tubular iron reabsorption and if these processes contribute to renal injury.

During systemic iron overload, unrestricted iron intake from the intestine in HFE-hereditary
hemochromatosis (HFE-HH) or additional frequent red blood cell transfusions in B-thalassemia major
increase circulating TBI and also result in the presence of non-transferrin-bound iron (NTBI), when the
iron binding capacity of transferrin is exceeded (17, 18). Moreover, iron accumulates in parenchymal
tissues, like the liver and heart, represented by high plasma ferritin levels (17). In B-thalassemia major,
plasma ferritin also associated with renal iron deposition (19). Increased urinary iron concentrations
have been observed in patients with systemic iron overload (20-22), suggesting that glomerular
filtration of increased circulating iron exceeds the tubular iron reabsorption capacity in these patients.
Alternatively, urinary iron excretion can result from insufficient iron reabsorption in either PTs or DTs.
Filtered proteins, including TBI (23, 24), are predominantly reabsorbed by PTs (25), but also DTs express
transporters involved in iron handling and are reported to take up TBI (26, 27). Increased urinary
transferrin levels in patients with Fanconi syndrome, characterized by compromised proximal tubular
reabsorption (1), suggest the tubular reabsorption capacity affects urinary transferrin levels, and
similarly, possibly also urinary iron levels.

To better understand the contribution of increased glomerular iron filtration and/or
insufficient tubular iron reabsorption by PTs and DTs to urinary iron levels and related renal injury, we
performed an explorative study and measured plasma iron parameters, urinary iron parameters and
renal tubular injury markers among healthy subjects, patients with systemic iron overload and patients
with various disorders of renal tubular dysfunction.



Materials and Methods

Study design

This explorative, observational study included subjects between November 2016 — October 2017.
Healthy volunteers (n=20) were recruited in and around the Radboud university medical center
(RUMC; Nijmegen, the Netherlands). Exclusion criteria included presence of renal disease, iron
overload disorder or urinary tract infection, use of chelation medication or active menstruation.
Patients with systemic iron overload disorders (n=20; Table 1) were included based on the diagnosis
made by their treating physician and with most recent determined transferrin saturation (TSAT)>70%
at RUMC and Amsterdam Medical Center (Amsterdam, the Netherlands). Patients with tubular
dysfunction disorders (n=18; Table 1) were included based on the diagnosis made by their treating
physician in RUMC, Erasmus Medical Center (Rotterdam, the Netherlands), and Royal Free Hospital
(London, United Kingdom). This study was approved by the local ethics committee and performed
according to national legislation and the declaration of Helsinki. All subjects signed informed consent
forms.

Patients with HFE-HH were undergoing maintenance phlebotomies. Patients with pB-
thalassemia major on iron chelation medication withdrew the use of this medication for at least 4 days,
to prevent bias in urinary iron. Plasma levels of deferasirox (DFX), used by six patients with B-
thalassemia major, were determined as described in De Francia et al (28). Urinary iron levels were
corrected for minimal residual iron bound to DFX in three patients. Since deferoxamine and
deferiprone (used by two and one B-thalassemia major patients, respectively) have a shorter half life
than DFX, we anticipate that suspending these chelators for four days eliminated plasma
concentrations and subsequent urinary excretion of potential iron-chelator complexes.

Sample collection

Heparin plasma and urine were collected, aliquoted and stored at -80°C. For analysis of gluthathione
s-transferase-pi-1-1 (GSTP1-1), urine was mixed and with a 10x buffer solution (1M HEPES pH 7.5, 5%
bovine serum albumin, 1% sodium azide, 1% Tween-20, 10% glycerol) within 30 minutes of collection.

Laboratory analyses

Iron, total iron binding capacity (TIBC; calculated as transferrin (g/1)*25.0), creatinine, C-reactive
protein (CRP), ferritin, creatinine, transferrin, and albumin analyses were performed according to
routine diagnostic protocols at the Radboud Laboratory for Diagnostics at RUMC. Measurements of
NTBI and labile plasma iron (LPI), the pathologically most relevant fraction of NTBI (5), were performed
according Zhang et al (1995) (29) and Esposito et al (2003) (30), respectively. TSAT (the percentage of
circulating transferrin that is saturated with iron (calculated as iron/TIBC*100), NTBI and LPIl were used
as indicators of circulating iron species (17, 18). Glomerular filtration rate was estimated (eGFR) using
the modifications of diet in renal disease (MDRD) formula. Urinary iron analysis was performed by
inductively coupled-plasma mass spectrometry (ICP-MS) at Maastricht University Medical Center (the
Netherlands). Kidney injury marker 1 (KIM1; R&D Systems, DKM100) and GSTP1-1 (31) were measured
by ELISA. All urine parameters were corrected for urinary creatinine concentration.

Statistical analysis

Data were statistically analyzed using SPSS 22 (IBM) and presented as median and interquartile range
(IQR). Data were analyzed by Mann Whitney U test and non-parametric Spearman correlation
coefficients. A p-value of p<0.05 was considered statistically significant.



Results

Clinical and laboratory characteristics

Clinical characteristics of all study participants are listed in Table 1 and results of laboratory analyses
in Table 2. Plasma CRP was within reference range (<10 mg/ml) for all groups, indicating plasma iron
parameters were not biased by the presence of inflammation. Subjects with systemic iron overload
were older than healthy controls (50.1 £ 4.2 years vs. 37.4 + 3.4 years, p<0.05), but this was not the
case for patients with renal tubular dysfunction (41.9 + 4.2 years, ns). All three groups comprised
predominantly male subjects (Table 1).

Increased urinary excretion of iron, transferrin and NTBI in patients with systemic iron overload
Plasma iron, TSAT, NTBI, LPI and ferritin were increased in patients with systemic iron overload
compared to healthy controls, whereas TIBC levels were decreased (ferritin p<0.05, others p<0.001;
Table 2), thus confirming iron overload. Urinary iron and NTBI levels were significantly increased
compared to healthy controls (p<0.01 and p<0.05, respectively; Table 2). Urinary iron levels correlated
moderately with plasma TSAT (r=0.47, p<0.05; Figure 1a), but not with plasma iron or TIBC alone
(Figure 1b, c). These findings indicate that urinary iron excretion could be caused by glomerular
filtration of increased circulating iron levels. Moreover, we found that both urinary iron and NTBI
concentrations correlated strongly with plasma ferritin (r=0.75, p<0.001, and r=0.71, p<0.001; Figure
1d, e), suggesting that urinary iron excretion could also be associated with high iron levels in renal
tubuli.

We subsequently stratified patients with HFE-HH and B-thalassemia major to examine urinary
iron excretion specifically in these two distinct iron overload disorders (Table 3). Patients with HFE-HH,
but not with B-thalassemia major, were significantly older than healthy controls (p<0.001) and
predominantly consisted of males, whereas both genders were equally present in B-thalassemia major.
Although plasma iron levels were increased in both HFE-HH and B-thalassemia major compared to
healthy controls (both p<0.001), B-thalassemia major patients showed a more severe increase in
plasma TSAT and NTBI and decrease in TIBC (all p<0.05 compared to HFE-HH). Moreover, ferritin was
increased in B-thalassemia major only (p<0.001 compared to both control and HFE-HH). These findings
show that both circulating and tissue iron overload are more pronounced in patients with B-
thalassemia major than in HFE-HH patients in our study cohort, confirming previous findings (18). We
found urinary iron, transferrin and NTBI levels to be specifically elevated in B-thalassemia major
(p<0.001, p<0.05 and p<0.01, respectively), where urinary NTBI strongly correlated with plasma TSAT
(r=0.75, p<0.05, Figure 1f). This demonstrates that only severely elevated iron parameters, as seen in
B-thalassemia major, are associated with elevated urinary iron parameters.

Increased urinary iron and transferrin excretion in patients with tubular dysfunction

Tubular dysfunction was confirmed by increased levels of PT injury marker KIM1 and DT injury marker
GSTP1-1 (p<0.01 and p<0.05 respectively, compared to healthy controls; Table 2). These patients also
showed increased urinary albumin levels (p<0.05), which were not related to eGFR (data not shown),
indicating tubular proteinuria as a result of disturbed tubular reabsorption (32, 33). Despite circulating
plasma iron parameters within reference range, urinary iron and transferrin, but not NTBI, were
increased (both p<0.05). Moreover, urinary transferrin and albumin levels strongly correlated (r=0.89,
p<0.001; Figure 2a), thus indicating similar glomerular filtration and tubular handling of both proteins
as demonstrated before (9). Interestingly, urinary iron levels also correlated with albuminuria (r=0.61,
p<0.01; Figure 2b), suggesting that insufficient tubular reabsorption contributed to urinary iron
excretion.

We analyzed urinary iron and transferrin concentrations against KIM1 and GSTP1-1 to
investigate the relation between iron excretion and PT and DT injury, respectively (34, 35). Whereas
we found no correlation between KIM1 and urinary iron or transferrin levels (Figure 2c, d), GSTP1-1
was positively associated with both iron and transferrin (r=0.56, p<0.05, and r=0.86, p<0.001,
respectively; Figure 2e, f).



Urinary iron excretion correlated with tubular injury in patients with systemic iron overload

Finally, we examined if urinary iron excretion in systemic iron overload was associated with tubular
injury. Whereas GSTP1-1 levels were not affected, urinary KIM1 concentrations were increased in
patients with systemic iron overload (p<0.001; Table 2), especially in patients with B-thalassemia major
(p<0.001 compared to control, p<0.05 compared to HFE-HH; Table 3). Furthermore, urinary transferrin
levels in B-thalassemia major correlated strongly with urinary KIM1 levels (r=0.71, p<0.05; Figure 3),
which might indicate reduced transferrin reabsorption as a consequence of PT injury.



Discussion

Increased urinary iron concentrations have been associated with renal injury. Here, we investigated
the contribution of glomerular filtration of increased circulating iron and insufficient tubular iron
reabsorption to urinary iron excretion in patients with systemic iron overload and patients with renal
tubular dysfunction. Our results demonstrate that both increased circulating iron levels and
subsequent filtration as well as insufficient tubular reabsorption are associated with increased urinary
iron concentrations and, importantly, renal injury.

Patients with tubular dysfunction were included in this study to investigate the contribution of
diminished PT TBI reabsorption to urinary iron concentrations. Although PT dysfunction was confirmed
by urinary albumin and transferrin excretion, only the DT injury marker correlated with urinary iron
and transferrin concentrations. We propose that increased TBI levels reach the DT because of
hampered PT reabsorption. Increased DT iron exposure could result in DT iron accumulation and
subsequent DT injury (5). In addition, our data suggest that DT iron reabsorption capacity is not
sufficient to prevent urinary iron and transferrin wasting in patients with tubular dysfunction.
Therefore, both the PT and DT may contribute to urinary iron excretion during tubular dysfunction
(Figure 4).

Mild systemic iron overload observed in our HFE-HH subjects did not result in urinary iron or
NTBI excretion. Despite mild PT injury, tubular iron reabsorption capacity was sufficient to prevent
urinary iron excretion (Figure 4). In contrast, patients with B-thalassemia major with severe iron
overload, demonstrated urinary iron, transferrin and NTBI excretion. The HFE-HH patients included in
our study were all undergoing maintenance phlebotomy, resulting in only mildly elevated TSAT
whereas ferritin levels were not affected. Nevertheless, severe iron overload has been observed in
patients with naive HFE-HH (before start of treatment) or during depletion phlebotomy (18).
Therefore, this suggests that the extent of systemic iron overload, rather than the disease pathology,
determines urinary iron excretion.

Besides glomerular filtration of increased circulating iron levels, renal iron handling may have
contributed to the high urinary iron excretion observed in our B-thalassemia major subjects. Increased
plasma ferritin levels are indicative of high tissue iron stores, including the kidney (19). Moreover,
mouse PT cells have been described to actively secrete ferritin proteins and ferritin is detected in urine
in healthy volunteers (20, 36). However, iron levels in secreted ferritin are low (36) and, therefore,
unlikely to largely contribute to urinary iron excretion. Alternatively, we cannot exclude passive
excretion of exfoliated iron-loaded tubular epithelial cells contributed to urinary iron concentrations.
Finally, PT injury observed in the B-thalassemia major patients may have influenced urinary iron and
transferrin excretion. Presumably, PT injury could limit PT TBI reabsorption leading to more TBI
excretion that cannot be compensated for by DT reabsorption. Altogether, urinary iron and transferrin
excretion in B-thalassemia major may be resulting from filtration of increased circulating iron,
enhanced iron levels in renal tubuli or PT injury (Figure 4).

Our finding of increased urinary KIM1 levels in B-thalassemia major patients adds to the rising
number of reports on PT injury in B-thalassemia (37-40), and confirms previous suggestions that
persistent severe systemic iron overload can lead to renal injury (41). Tubular epithelial cells can be
exposed to harmful levels of iron both apically from the tubular lumen and basolaterally from the
systemic circulation. Furthermore, tubular injury may also be related to use of chelation mediation
(42-44). Future studies examining the etiology of renal injury during systemic iron overload are
warranted, in order to prevent the emergence of this complication.

Limitations of this study include the explorative and observational design with small subject
groups. Although we aimed at including subjects in age- and gender-matched groups, patients with
HFE-HH were older than patients with B-thalassemia major, reflecting the average age of these patient
groups in the population (45, 46). Furthermore, all study groups predominantly consisted of male
subjects, with exemption of the B-thalassemia major patients. Although age above 40 years and male
gender have been reported to increase levels of urinary KIM1 and albumin in healthy individuals (47,
48), this is unlikely to have largely influenced KIM1 and albumin levels in urine in B-thalassemia.



The knowledge that both filtration of systemic iron levels and tubular iron reabsorption
influence urinary iron excretion has several implications. In patients with iron overload disorders
prevention or reduction of tubular iron reabsorption could be used to enhance urinary iron excretion
and, thus, lower the systemic iron burden and potential renal injury. The latter is also important for
patients with chronic kidney disease characterized by nephropathy. Glomerular injury leads to
increased protein filtration, including TBI, resulting in increased urinary iron excretion and renal iron
loading (3, 9-13). In CKD animal models, increased tubular injury associated with urinary iron excretion,
whereas reduction of circulating iron levels by administration of a low-iron diet or treatment with an
iron chelator reduced renal tubular injury (49, 50). Also in CKD, prevention of renal iron loading by
reducing tubular reabsorption could be an interesting therapeutic option.

In conclusion, our results suggest that both glomerular filtration of increased circulating iron
levels and insufficient tubular iron reabsorption contribute to urinary iron excretion and are associated
with renal injury.
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Tables

Table 1: Subject characteristics

Healthy Renal tubular dysfunction Systemic iron overload
controls
Subjects (n) 20 18 20
Age (years) 37.4+34 419+4.2 50.1+4.2*
Gender (M/F) 12/8 17/1 14/6
Type of - Cystinosis, n=2 B-thalassemia major, n=9
disorder Dent’s disease, n=3 Diamond Blackfan anemia, n=1

HFE-related hereditary
hemochromatosis, n=10

Fanconi syndrome, n=3
Nephronophthisis, n=1
Tubulo-interstitial nephritis, n=1
Wilson’s disease, n=1
Secondary to chemotherapy, n=5
Secondary to lithium-induced

nephrogenic diabetes insipidus, n=1
Secondary to unknown cause, n=1

Age presented as mean * standard error of the mean (SEM). *, p<0.05, compared to healthy controls

by Mann Whitney U test.
F, female; M, male.

Table 2: Results of laboratory analyses in the 3 study groups

Healthy controls Renal tubular dysfunction | Systemic iron overload
Iron 16.0 (12.7 - 18.7) 15.0 (12.5 - 21.5) 30.5 (27.5—39.5)***
(umol/I)
TIBC 64.0 (57.2—73.0) 60.0 (53.7 —74.7) 44.5 (41.2 — 48.0)***
(umol/I)
TSAT 24.5(20.1-30.8) 24.4(17.2-33.6) 74.9 (62.5 — 89.7)***
(%)
Ferritin 121.0 (68.0 - 178.5) 179.5 (38.5 - 269.8) 371.0(111.0-906.8)*
Plasma
(ne/1)
NTBI 0.23 (0.23-0.23) 0.23(0.23-0.23) 1.22(0.72 —2.32)***
(umol/I)
LPI 0.11 (0.10-0.14) 0.15(0.11-0.22) 0.24 (0.22 — 0.31)***
(umol/I)
CRP 0.5(0.5-0.5) 1.5(0.5-2.2) 1.0(0.5-2.0)
(mg/ml)
Iron 0.03 (0.02 -0.07) 0.09 (0.03 - 0.20)* 0.21 (0.05 —2.39)**
(umol/g creatinine)
Transferrin 1.0(0.6-2.7) 3.0(0.9-11.8)* 1.1(0.6—-10.8)
(mg/g creatinine)
NTBI 0.4(0.2-0.7) 0.6(0.4-1.6) 0.5(0.2-1.7)*
Urine (umol/g creatinine)
Albumin 3.8(2.8-5.7) 27.5(9.2 — 168.5)*** 13.1(7.1—283.8)***
(mg/g creatinine)
KIM1 0.3(0.1-0.5) 0.7 (0.4 -0.8)** 0.9 (0.6 —2.2)***
(ng/mmol creatinine)
GSTP1-1 3.1(1.8-6.2) 7.6 (2.1-65.6)* 2.6 (0.9-9.3)
(ng/mmol creatinine)
eGFR 90.0 (67.8 —100.8) 52.4 (34.6 — 80.1)*** 76.8 (64.0 — 109.5)
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(ml/min/1.73m?) ‘ | |

Results presented as median (interquartile range (IQR)). *, p<0.05; **, p<0.01; ***, p<0.001 compared
to healthy controls by Mann Whitney U test. eGFR calculated by MDRD formula.

CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; GSTP1-1, gluthathione s-
transferase-pi-1-1; KIM1, kidney injury marker 1; LPI, labile plasma iron; NTBI, non-transferrin-bound
iron; TIBC, total iron binding capacity; TSAT, transferrin saturation.

Table 3: Laboratory results in subjects with HFE-related hereditary hemochromatosis and B-
thalassemia major

HFE-related hereditary . .
. B-thalassemia major
hemochromatosis
Subjects (n) 10 9
Age (y) 63.8 + 3.7%** 37.4+45
Gender (M/F) 9/1 5/4
Iron _ * %k % _ * %k %
(umol/l) 30.0 (26.5-34.7) 31.0 (27.5-42.5)
TIBC .
46.0 (43.0 — 48.2)*** 42.0 (35.0 — 46.5)***,
(umol/I)
T(if)T 66.9 (58.7 — 77.6)*** 90.2 (71.9 — 92.6)*** #
Plasma =
Ferritin ook
113.0 (85.0 — 185.3) 958.0 (383.0 — 1504.0)***,
(mg/1)
NTBI .
0.94 (0.43 — 1.25)*** 2.31(1.20 — 2.54)%**
(umol/I)
LPI _ * %k % _ kkk #
(umol/l) 0.23 (0.19 - 0.24) 0.31 (0.24 — 0.46)***,
Iron skk Hi
. 0.1 (0.02 -0.09) 2.4 (1.0 — 3.8)***,
(umol/g creatinine)
Transferrin 0.8 (0.6-1.3) 2.8(1.1-26.4)%,
(mg/g creatinine)
NTBI 0.2(0.1-0.4) 1.5 (0.7 — 2.5)%*, ###
Urine (umol/g creatinine)
Albumin 8.4 (5.2 — 13.5)** 23.9 (11.6 — 705.6)***, *
(mg/g creatinine)
KIM1 0.9 (0.5 — 1.0)** 2.2 (0.9 —3.4)%*x #
(ng/mmol creatinine)
GSTPl-l 1.6 (0.7 —8.8) 5.9 (1.7-10.1)
(ng/mmol creatinine)
eGFR 76.8 (62.8 —99.3) 76.3 (62.1 - 129.0)
(ml/min/1.73m?) ’ ' ' ' ’ ’

Results as median (interquartile range (IQR)). *, p<0.05; **, p<0.01; ***, p<0.001 compared to healthy
controls (Table 2); #, p<0.05; #*, p<0.01; #*, p<0.001 compared to hereditary hemochromatosis by
Mann Whitney U test. eGFR calculated by MDRD formula.

eGFR, estimated glomerular filtration rate; GSTP1-1, gluthathione s-transferase-pi-1-1; KIM1, kidney
injury marker 1; LPI, labile plasma iron; NTBI, non-transferrin-bound iron; TIBC, total iron binding
capacity; TSAT, transferrin saturation.
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Legends to figures

Figure 1: Urinary iron and non-transferrin-bound iron (NTBI) correlate with plasma iron parameters in
systemic iron overload

Correlation between urinary iron excretion and plasma transferrin saturation (TSAT) (a), iron (b), total
iron binding capacity (TIBC) (c) and ferritin (d); urinary NTBI and plasma ferritin in patients with
systemic iron overload; and urinary NTBI and plasma TSAT in patients with B-thalassemia major (f).
Each dot represents one patient. Presented with Spearman’s correlation coefficient (r) and significance
(p-value or not significant (ns)).

Figure 2: Urinary iron and transferrin correlate with urinary kidney parameters in tubular dysfunction
Correlation between urinary transferrin and iron with urinary albumin (a, b), proximal tubular injury
marker kidney injury marker 1 (KIM1) (c, d) and distal tubular injury marker gluthathione s-transferase-
pi-1-1 (GSTP1-1) (e, f) in patients with tubular dysfunction. Each dot represents one patient. Presented
with Spearman’s correlation coefficient (r) and significance (p-value or not significant (ns)).

Figure 3: Urinary transferrin correlates with urinary proximal tubular injury in B-thalassemia major
Correlation between urinary transferrin and proximal tubular injury marker kidney injury marker 1
(KIM1) in patients with B-thalassemia major. Each dot represents one patient. Presented with
Spearman’s correlation coefficient (r) and significance (p-value or not significant (ns)).

Figure 4: Proposed mechanism of iron reabsorption in the kidney in health, tubular dysfunction and
systemic iron overload.

In health (left panel), circulating transferrin-bound iron (TBI) is filtered into the renal tubular lumen by
the glomerulus, and subsequently is completely reabsorbed. This is predominantly done by proximal
tubules (PTs) and only to a minor extent in distal tubules (DTs). During tubular dysfunction (second left
panel), similar TBI levels are filtered into the tubular lumen, but these are reabsorbed to a lower extent
by PTs as a result of PT injury (indicated by lightning sign). Consequently, DTs reabsorb larger amounts
of TBI, but, as a result of DT injury, iron (in red) and transferrin (in blue) are excreted in urine. In mild
systemic iron overload (second right panel), increased circulating TBI and non-transferrin-bound iron
(NTBI) are filtered into the tubular lumen. Reabsorption in PTs, despite mild injury, and DTs prevent
iron and transferrin excretion. In severe systemic iron overload (right panel), TBI and NTBI are filtered
into the tubular lumen in even larger concentrations, but limitedly reabsorbed by PTs as a result of
increased intracellular iron levels and PT injury. lIron reabsorption capacity in DTs is not sufficient to
prevent iron and transferrin excretion in urine.
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